Two-color time-of-flight mass spectroscopy is employed to study the van der Waals (vdW) clusters of benzene (N 2 )n (n<:8), benzene(C0 2 )n (n<:7), and benzene(CO)n (n = 1,2) created in a supersonic molecular jet. Potential energy calculations of cluster geometries, normal coordinate analysis of vdW vibrational modes, and calculations of the internal rotational transitions are employed for the assignment of the benzene (solvent) 1 cluster spectra in the og and 6~ regions of the benzene 1 B 2u 4-1 A Ig transition. The respective vibronic and rotational selection rules for these clusters are determined based on the appropriate point groups and molecular symmetry groups of the clusters. Good agreement between the calculated and experimental spectra is obtained with regard to the vdW vibrational and internal rotational modes. The solvent molecules rotate nearly freely with respect to benzene about the benzene-solvent bond axis in the benzene(solvent) 1 clusters. In the excited state a small -20 cm -1 barrier to rotation is encountered. Studies of larger clusters (n > 2) reveal a broad red shifted single origin in the 6~ spectra. A linearly increasing cluster energy shift is observed as a function of cluster size. The cluster energy shifts are not saturated by one solvent molecule on each side of the aromatic ring; several solvent molecules effectively interact with the solute 1T electronic cloud. Both homogeneous and inhomogeneous nucleation take place for the clusters studied depending on the ratio of the solvent-solvent binding energy to the cluster binding energy.
Benzene clustered with N 2 , CO 2 , and CO: Energy levels, vibrational structure, and nucleation R. Nowak, J. A. Menapace, a) (Received 3 February 1988; accepted 21 April 1988) Two-color time-of-flight mass spectroscopy is employed to study the van der Waals (vdW) clusters of benzene (N 2 )n (n<:8), benzene(C0 2 )n (n<:7), and benzene(CO)n (n = 1,2) created in a supersonic molecular jet. Potential energy calculations of cluster geometries, normal coordinate analysis of vdW vibrational modes, and calculations of the internal rotational transitions are employed for the assignment of the benzene (solvent) 1 cluster spectra in the og and 6~ regions of the benzene 1 B 2u 4-1 A Ig transition. The respective vibronic and rotational selection rules for these clusters are determined based on the appropriate point groups and molecular symmetry groups of the clusters. Good agreement between the calculated and experimental spectra is obtained with regard to the vdW vibrational and internal rotational modes. The solvent molecules rotate nearly freely with respect to benzene about the benzene-solvent bond axis in the benzene(solvent) 1 clusters. In the excited state a small -20 cm -1 barrier to rotation is encountered. Studies of larger clusters (n > 2) reveal a broad red shifted single origin in the 6~ spectra. A linearly increasing cluster energy shift is observed as a function of cluster size. The cluster energy shifts are not saturated by one solvent molecule on each side of the aromatic ring; several solvent molecules effectively interact with the solute 1T electronic cloud. Both homogeneous and inhomogeneous nucleation take place for the clusters studied depending on the ratio of the solvent-solvent binding energy to the cluster binding energy.
I. INTRODUCTION
Supersonic molecular jet spectroscopy has made possible studies of a wide variety of weakly bound molecular van der Waals (vdW) clusters. vdW clusters only slightly perturb the properties of their individual constituents and are characterized by relatively low binding energies, large intermolecular equilibrium distances, and low frequency intermolecular vibrational vdW modes.
A number of cluster systems, including, e.g., vdW complexes of aromatic molecules (e.g., benzene and toluene) with hydrocarbon solvents, 1.2 and clusters of N-heterocyclic solutes (e.g., pyrazine and pyrimidine) with both alkane 3 • 4 and hydrogen bonding solvents (e.g., water and ammonia), 4 have been studied in our laboratory. Cluster geometries, energetics, and energy dynamics have been explored in these systems yielding insight into nucleation processes and solvation geometries in both gas and condensed phase systems. Our recent studies of the vdW cluster torsional mode structure in benzene-methane, 5 -deuteromethane, and -carbon tetrafluoride 6 clusters reveal that these clusters are rigid with regard to internal rotation of the cluster constituents. The internal torsional motion is found to be oscillatory and constrained by an orientationally dependent intermolecular potential with a barrier height of the order of the cluster binding energy. Given the geometries of the systems studied, the rigidity of the clusters can be understood by considering the nature of the solvent rotational dynamics; a low barrier one·dimensional rotation of the solvent molecule around the threefold solute-solvent bond axis is not possible due to the orientation of the solvent molecule rotational axes. In this paper we report spectroscopic results for the benzene(N 2 )1' benzene(CO)l' and benzene(C0 2 )1 clusters; these systems exhibit almost free one-dimensional internal rotation between the cluster solute and solvent. Benzene is chosen as a chromophore molecule since the formation of small clusters with benzene is relatively well understood. The high symmetry of benzene makes the interpretation of cluster geometries and theoretical calculations of rotational and vibrational modes relatively straightforward. The experimental spectroscopic results [two-color time-of-ftight mass spectroscopy (TOFMS)] are interpreted with the aid of calculational modeling of selected cluster characteristics, such as geometries, binding energies, and vdW vibrational and rotational energy level structures. Cluster geometry and favorable orientation of the solvent rotational axis permit one-dimensional internal rotational motion for these clusters. The analysis of the internal rotational energy levels of the vdW clusters studied bears some resemblance to that carried out for substituent groups in nonrigid aromatic molecules such as toluenes 7 and xylenes.
8
The second part of this paper is devoted to spectroscopic studies of relatively large benzene(N 2 )n (n<:8), benzene(CO)n (n = 1,2), and benzene(C0 2 )n (n<: 7) clusters. Studies of the formation (nucleation) oflarge clusters are important since these clusters are potential model systems for condensed phases and because of an intense interest in nucleation and growth of aerosol particles. We have previously determined l ,2 that small (n = 1,2) vdW clusters of benzene and toluene with hydrocarbon solvents (methane, ethane, propane) are formed via solute collisions with solvent dimers, trimers, and larger aggregates. Both homogeneous and inhomogeneous nucleation take place for these systems depending on the cluster binding energy compared to the solvent-solvent binding energy.
Larger vdW clusters with n > 3 have not previously been extensively studied spectroscopically due to the difficulties in obtaining their resolved optical spectra. Consequently, little spectroscopic information concerning these clusters is available. On the other hand, other techniques, such as, e.g., electron diffraction 9 • 10 and infrared spectroscopyll are typically used for studies of much larger aggregates (n;;;' 10 2 ) but do not give specific information about the cluster energetics and geometries.
II. EXPERIMENTAL PROCEDURES A. Spectroscopic techniques
The SI-SO absorption spectra of the clusters are obtained using a pulsed supersonic molecular jet expansion and two-color TOFMS. The details of the experimental apparatus and techniques employed have been described earlier.
I •
2 . 12 Two synchronized Nd +3 /y AO pumped dye lasers are used to probe both the origin and the 6~ regions of the benzene IB 2u _IA lg transition in the cluster. Exciton LDS 698 dye is used for the pump laser with the output frequency doubled and mixed with the 1.064 f..Lm fundamental of the Nd+ 3 / YAO laser. Either Exciton LDS 698 (doubled and mixed) or F 548 (doubled) dyes are used for the ionization laser. The energy of the ionization laser is typically lowered to the ionization threshold to limit cluster fragmentation upon ionization. The spectra are recorded using a boxcar averager, transient digitizer, and computer.
Typically, 3%-5% mixtures of the solvent gases with helium as a carrier gas are passed through a liquid benzene trap at room temperature and subsequently expanded into the apparatus vacuum chamber by using a pulsed nozzle. A nozzle backing pressure of 100 psi is typically used and the chamber pressure is maintained below 4 X 10-6 Torr.
B. Calculations of cluster geometries
The cluster ground state geometries and binding energies are calculated for small clusters (n = 1,2) via an intermolecular potential energy minimization procedure employing the methods previously described. 1.2 A Lennard-Jones (LJ; 6-12-1) potential is used with the atomatom interaction parameters previously reported for similar calculations. The potential form and calculational algorithm yield consistent results with regard to the number of cluster configurations observed experimentally, their respective binding energies, and qualitative geometries (symmetries).
III. THEORETICAL ANALYSIS OF CLUSTER VIBRATIONAL AND INTERNAL ROTATIONAL MOTION

A. Normal coordinate analysis of vdW vibrations and vlbronlc transitions
The normal coordinate analysis (NCA) of the cluster vdW vibrations is performed by using the same methods as described in our previous publicationS on vdW cluster vibronie structure. The OF method of Wilson 13 is employed in which the cluster constituent force fields are generated by using the central force approximation including out-ofplane motion terms. The intramolecular force constants chosen correspond to general functional group stretches and bends. 14 The intermolecular force constants are generated as second derivatives of the intermolecular LJ potential discussed above. The OF matrix is numerically diagonalized and the 3N -6 (3N -5 in the present instance) nonzero eigenvector normal modes and eigenvalue energies are determined in the usual fashion. The reader is referred to our previous pUblicationS for details of the theoretical procedures employed.
The eigenvector normal modes found based on the calculated geometries of the rigid clusters (point groups C 2v and C.) are ( 1) the vdW stretch (Sz) which entails the motion of the solvent molecule in the direction perpendicular to the benzene molecular plane, (2) the vdW bends (b x and by) with translational motions parallel to the benzene ring (x or y directions), and (3) the vdW torsions (ty and t z ) which transform as the rotations of the cluster constituents about the y and z axes, respectively. These normal modes are shown in Fig. 1 for the case of the rigid benzene(N 2 ) 1 clus- ter. The t z torsional motion will not be present if the solvent molecule can undergo nearly free rotation about the cluster z axis, perpendicular to its bond axis; instead, additional rotationallevels will be present in the eigenstates. Of course, the C 2v rigid cluster point group is no longer applicable for the description of the rotational levels and an appropriate molecular symmetry group must be used. We assume that all the low-lying intermolecular eigenstates other than t z are nearly harmonic. The appropriate selection rules for vibronic transitions in the rigid cluster are determined by analyzing qualitatively transition moment matrix elements using the adiabatic approximation. In the C 2v symmetry of the benzene(N 2 ) I and benzene (C0 2 ) I rigid clusters, the vdW vibronic transition selection rules for the og region in the absence of the Herzberg-Teller (HT) coupling are as follows: av = 0, ± 1, ± 2, ... for the totally symmetric vdW stretch and av = 0, ± 2, ± 4, ... for the nontotally symmetric vdW bends and torsions. In the 6~ region the fundamental of the nontotally symmetric torsion (t z ) is additionally allowed. This torsion is vibronically induced in the og region if HT coupling is active. For the C s symmetry of the benzene(CO) I rigid cluster, the vibronic selection rules for the og region are slightly different av = 0, ± 1, ± 2, ... for the vdW stretch Sz, bend b x , and torsion ty, and av = 0, ± 2, ± 4, ... for the bend by and torsion t z • In C s symmetry all the vdW modes are capable ofvibronic coupling and, hence, av = 0, ± 1, ± 2, ... if HT coupling is present. av = 0, ± 1, ± 2, ... for all the vdW modes even in the absence of HT coupling for this latter cluster in the 6~ region.
B. Internal rotational analysis of the I z torsional mode
We assume in the present analysis that the solvent molecule can rotate in one dimension about its axis of largest moment of inertia, i.e., the axis perpendicular to the N-N (C-D) molecular bond and passing through the solvent and solute molecular center of mass. The rotational axes for N 2 and CO 2 in the cluster correspond to the solute-solvent bond ( cluster z) axis (benzene sixfold symmetry axis) and the CO rotational axis is found to form a _15 0 angle with the benzene sixfold axis. The appropriate molecular symmetry grouplS must be used in the determination of the rotational mode structure and selection rules.
Analysis of the internal rotational transitions in these clusters is performed by using the same approach as described in our previous publicationS for internal rotations in nonrigid aromatic molecules. The energy levels and wave functions for the motion of a one-dimensional hindered rotor are obtained by solving the Schrodinger equation (1) in which the potential form for the benzene clusters considered is approximated by 
tPm(t/» =_l_ e ±imt/>
,ffii (3) and the free rotor energy levels are
(4)
The eigenvalues and eigenvectors of the hindered rigid rotor Hamiltonian equation ( 1 ) are solved for within a basis set of 21 free rotor eigenfunctions. The parameter V6 is adjusted to fit the energy levels of the hindered rotor to the experimental data.
The energy levels for rotation of the solvent with respect to the solute are labeled according to the m quantum numbers of a one-dimensional rotor. The symmetry of the Hamiltonian is given by the appropriate molecular symmetry grouplS: G~4 for the benzene(N 2 )I and benzene(C0 2 )I clusters, and G~2 for the benzene (CO) I cluster (according to the notation in Ref. 16). The symmetry allowed rotational transitions within the og and 6~ bands are determined via the nonvanishing integral rule taking into account the correlation between the molecular symmetry group of benzene and the appropriate molecular symmetry groups of the clusters.
The results of this analysis for different clusters are given in Table I . The alg. -Qlg(al.-Ql) and b2u-b2u-b2u (b 2 -b 2 ) transitions are not allowed at the origin but are allowed at 6~ .
The e2g-e2g(e2-e2), e1u-e 1u (el-e l ), alg-e2g(al-e2)'
and e 1u -b 2u (el-b 2 ) transitions are allowed in both spectral regions. This finding is important for the interpretation and assignments of the spectra, particularly in the og region.
The dependence of the energy of each internal rotational level on the parameter V6 is illustrated for the case of the benzene (N 2 ) 1 cluster in Fig. 2 . Similar dependences are obtained for the benzene (CO) I and benzene(C0 2 h clusters.
In the latter case the spacings between individual rotational levels are relatively smaller due to a larger moment of inertia of the CO 2 , Some of the allowed transitions may not be observed due to nuclear spin selection rules. Moreover, the different nu- = 1 :0:0:2. g-and u-type levels are not distinguished in the G ~2 molecular symmetry group and all the different rotational symmetry levels of benzene ( CO) I may be populated. The relative statistical weights are, in this latter case, a l : e l : b 2 : e 2 = 1:2:1:2.
IV. BENZENE (SOLVENn1 CLUSTERS: SPECTRA, CALCULATIONS, AND ASSIGNMENTS
A similar approach to spectral analysis consisting of calculating the internal rotational and vibrational transitions is employed for all three benzene (solvent) I clusters studied. Therefore, only the assignments for the benzene (N 2 ) 1 spectra are discussed in detail; other cluster spectra are analyzed based on the same arguments.
The results of calculations of the ground state geometry and vdW vibrations ofthe benzene(N 2 ) 1 cluster are shown in Fig gions of the benzene 1 B 2u +-1 A Ig transition are shown in Fig.  3 . Such spectra are typically understood!! based on allowed origins for the og and 6~ regions and a set of assigned vdW normal modes built on these origins. The origin in the cluster og spectrum (if allowed) would typically exhibit a shift in energy from the benzene og transition similar to that observed in the 6~ spectrum of the cluster. For the benzene(N 2 )I cluster this shift equals -6 cm-I • We are not able to understand these spectra and find appropriate assignments based on this now standard approach, however. The og spectrum, at least, must be analyzed in the light of the proper group theory and the vdW rotation/vibration energy level set discussed above.
If the N2 molecule in the benzene(N 2 ) I cluster were freely rotating in both So and SI' Oa lg +-Oa lg , le lu +-le lu , 2e 2g +-2e 2g , and 4e 2g +-4e 2g t z rotational transitions (replacing the t z vdW model) would coincide in energy and give only one peak at the origin. The first two of these transitions are not allowed in the og region due either to vibronic or nuclear spin selection rules (see Table I ). If the barrier to rotation changes upon SI "",So excitation, the energies of the 2e 2g +-2e 2g and 4e 2g ...-4e 2g transitions would be different; if the magnitude of the change were small, a doublet would be produced in the spectrum. Thus an intense doublet in the spectrum most probably corresponds to the allowed 2e 2g +-2e 2g and 4e 2g +-4e 2g transitions.
A reasonable fit to the og spectrum is obtained by assuming that in the cluster ground state the N2 molecule can freely rotate around the benzene-N 2 bond and in the excited state the rotation is slightly hindered by a -20 cm -I potential barrier. The final calculated spectrum shown in Fig.  3 (a) is a superposition of both one-dimensional rotor and vdW vibrational transitions; due to the rotational degree of freedom, the t z torsion is not taken into account in the vibrational analysis. Specific assignments of the calculated and experimental spectra are given in Table II . As can be seen in Fig. 3(a) and Table II the agreement between the experimental and calculated spectrum is very good. The fit is considerably worsened if the rotational barrier in either state is changed more than 10 cm -I.
The 6~ spectrum is easier to analyze since in this case the origin transition is allowed (compare Table I ). The strongest feature in the spectrum in Fig. 3(b) , shifted by -6 cm -I with respect to the benzene 6~ transition, is unambiguously ascribed to the cluster 6~ origin. A single origin is observed in agreement with the single calculated cluster geometry shown in Fig. 1 . The spectral features observed to the red of the origin are assigned as hotbands since their intensity changes considerably with the carrier gas backing pressure but not with ionization energy. Several relatively weakpeaks observed to the blue of the cluster 6~ origin are vdW vibrational and rotational bands; their assignments are given in Table II . The 6~ spectrum is more than in order of magnitude more intense than the og spectrum, with relatively intense vdW vibrations built on the allowed 6~ origin. The rotational transitions which are seen in the og spectrum are almost entirely hidden under the 6~ origin spectrum. Moreover, in the region -15 cm -1 to the blue of the cluster origin (around the benzene 6~ transition), where some of the rotational transitions are calculated to appear, the mass detector is still saturated by the ionized benzene molecule signal. This effect eliminates observation of any weak features and is visualized by a dip in the spectrum. Further to the blue only weak rotational transitions may be present along with vdW vibrations as indicated in the 6~ spectrum in Fig. 3 (b) .
Calculations of the rotational barrier, rotational energy levels, and vdW vibrations confirm that the benzene(N 2 ) I cluster og spectrum must be assigned as a superposition of both one-dimensional rotor and vdW vibrational transitions. This approach gives the best and most satisfactory assign- Table I . In order to reproduce more accurately the most intense features in the spectrum a small, -20 cm -1, barrier to rotation in the excited electronic state is assumed.
One can ask why a free rotor analysis is to be preferred when the NCA yields a value for the t z mode of 14 cm-
The failure of the NCA to reflect the physical situation probably arises from the harmonic approximation which takes first and second derivatives of the potential at the equilibrium configuration for the cluster. In fact, the potential for the t z torsional motion is only a few cm -I deep and if higher derivatives were added to the generalized force field the frequency ofthe t z mode would indeed properly go to zero.
The cluster energy shifts as compared to transitions in benzene are 36 and -6 cm -I for the og and the 6~ transitions, respectively. This unexpected difference in shifts must arise from local changes of polarizability upon excitation of the benzene and can only partially be explained by the change ofthe benzene 6 1 vibration in the cluster. At present we do not have a satisfactory explanation for these apparently different cluster shifts.
B. Benzene(C0 2 )1
The og and 6~ spectra of the benzene ( CO 2 )] cluster are shown in Fig. 4 . The cluster energy shifts are -1 and 4 cm -I, for the og and 6~ transitions, respectively. One cluster configuration, almost identical to the nitrogen case (shown in Fig. 1 ), is calculated for benzene ( CO 2 ) I with the binding energy -868 cm -I.
The arguments given above for the assignment of benzene(N 2 ) I cluster are valid in the present case, since both cluster symmetries and selection rules are identical. The specific assignments of both spectra in Fig. 4 are given in Table  III . The CO 2 barrier for rotation in the excited state is taken to be 16 cm -I and a good fit to the og experimental spectrum is obtained as shown in Fig. 4(a) . The relatively smaller energies of particular rotational transitions of the benzene ( CO 2 ) 1 cluster compared to the benzene (N 2) I cluster arise because the moment of inertia for CO 2 (B = 1.547 cm-I ) is larger than for N 2 . The 6~ spectrum in Fig. 4(b) shows a strong origin peak with several weak transitions to the blue. These weak transitions can again be assigned (Table III) as internal rotations and vdW vibrations. The origin corresponds to a single calculated cluster geometry.
C. Benzene(CO)1
A single cluster geometry shown in Fig. 5 is calculated for the benzene(CO)] cluster with the binding energy -612 cm -I. The CO molecule is located 3.24 A above the benzene ring forming a 15° angle with the benzene molecular plane in such a way that the oxygen lies closer to benzene than does the carbon atom. The rigid cluster symmetry is C s instead of the C 2v symmetry found for N2 and CO 2 clusters. The CO rotational axis is no longer parallel to the benzene sixfold axis, the axes forming a 15° angle with respect to one another. Therefore, ifan internal rotation is present, the CO rotational axis must be undergoing a small processional motion in order to avoid a high potential barrier to rotation. The appropriate selection rules for the rotational transitions are based on the G ~2 molecular symmetry group (see Table I ). Assignment ofthe benzene (CO) I spectra is similar to the assignment of the benzene (N 2 ) I spectra, except for the abovementioned selection rules. The calculated and experimental spectra are compared in Fig. 6 , with their specific assignments given in Table IV . The benzene (CO) ] spectra are similar to the analogous benzene(N 2 )] spectra since both these clusters are of identical masses, have very similar geometries, and N2 and CO have almost identical rotational TABLE III. Assignments of the og and 6& benzene (C0 2 ) I cluster spectra shown in Fig. 4 constants (D = 1.915 cm-I for CO and 1.917 cm-I forN 2 ). Consequently, both clusters exhibit similar vdW vibrations and have similar energies for rotational transitions; however, fewer and broader bands are observed in the benzene ( CO) I spectrum in Fig. 6 (a) compared to the spectrum ofbenzene(N 2 ) I in Fig. 3 ber of allowed transitions for benzene ( CO ) I clusters ( Table  I ). The overlap of transitions is also responsible for the change of relative intensities in the og benzene (CO) I spectrum as compared to the og spectra of the analogous clusters ofN2 and CO 2 , The 6~ spectrum in Fig. 6 (b) is well assigned as a superposition of rotational and vdW vibrational mode transitions (Table IV) . The spectrum is dominated by a strong origin and vdW vibrations, although weak rotational transitions can also be distinguished.
V. BENZENE (SOLVENn2CLUSTERS
The analysis of the benzene (solventh cluster spectra differs from the detailed approach taken for the benzene (solvent) I cluster spectra presented above since the benzene (solvent) 2 spectra are less well resolved and thus do not contain sufficient experimental information about possible vibrations and/or rotations. The analysis of the benzene (solvent)2 cluster spectra is based primarily on calculations of cluster geometries and assignment rules determined in our previous studies l -6 of other vdW clusters.
A. Benzene (N 2 )2
Two ground state minimum energy cluster geometries are calculated for the benzene (N 2 h cluster (Fig. 7) . The isotropic configuration with binding energy of -1007 cm -I features a nitrogen molecule on either side of the aromatic ring. In the anisotropic geometry both nitrogen molecules are attached to one side of the benzene ring with the binding energy -962 cm -1. No other local minima are found in the potential energy calculations. The benzene (N 2 h cluster spectra are not detected in the og region. This symmetry induced transition (forbidden in benzene) is certainly very weak for the isotropic cluster geometry, since the sixfold symmetry of benzene may be preserved in the cluster in some averaged sense, especially considering the rotations of the N2 molecules. Why the anisotropic cluster spectrum is not observed is difficult to say. The 6~ spectra taken at two different ionization energies are shown in Fig. 8 . One relatively broad peak shifted -16 cm-I to the red of benzene transition dominates both spectra. Another peak at -9 cm -I visible as a shoulder on the main feature increases in intensity at lower ionization energies. This feature does not correspond to features in other mass channels. The two features, one at -16 cm -I and the other at -9 cm -I, are thus assigned to two different cluster geometries. The cluster whose 6~ transition is at -16 cm -1 apparently has a higher ionization energy.
Benzene vdW clusters with other solvents l • 2 show that the energy shift for the isotropic cluster is larger than the energy shift for the analogous anisotropic cluster. This is due to a better overlap of the solvent molecules with the aromatic 11" cloud of benzene in the isotropic cluster, resulting in larger polarizability changes upon cluster excitation. Typically, the anisotropic benzene (solvent) 2 cluster exhibits a shift rough- . 0 corresponds to the 6~ transition of benzene at 38 608.5 cm -I. The most intense peak in the spectrum is assigned to the isotropic cluster.
lyequal to the one found for the benzene (solvent) 1 cluster. Given this assumption, the more shifted peak in the spectrum is assigned to the symmetrical (isotropic) cluster and the less shifted peak to the anisotropic cluster. Comparing the relative intensities of both features in the spectrum one concludes that the concentration of the benzene (N 2 )2 isotropic cluster in the beam is greater than of the anisotropic cluster by roughly a factor of2 or 3.
B. Benzene (C0 2 )2
The benzene (C0 2 ) 2 cluster spectra are detected in both the og and 6~ regions and are shown in Fig. 9 . The origin, shifted in both spectra -22 cm -I to the red of the benzene transition (at 0 em -I ), is ascribed to one cluster geometry.
Clearly, another cluster geometry gives rise to a peak at + 2 cm -I in the og spectrum in Fig. 9 (a) . This feature (geometry) is not seen in the 6~ spectrum due to the saturation of the mass detector by ionized benzene precisely in this spectral region [see dip in the spectrum in Fig. 9 (b) ]. The position of the second feature at -9 cm -I in the 6~ spectrum corresponds to the origin of the benzene (C0 2 ) 3 cluster (see Sec. VI) and thus is ascribed to dissociation of this cluster giving rise to a signal in the benzene (C0 2 ) 2 mass channel. Pronounced change of the relative intensity of this band with varying the ionization energy confirms this assignment.
In agreement with the experimental observation, two ground-state minimum energy cluster geometries, similar to those found for benzene (N 2 >z cluster (shown in Fig. 7 ) are calculated. The binding energies are -1746 and -1955 cm -I for the isotropic and anisotropic clusters, respectively. The -22 cm -I shifted origin in the two spectra is assigned to the isotropic cluster, whereas the 2 cm -I shifted origin in the og spectrum is assigned to the anisotropic cluster. As can be seen from the comparison of the relative intensities in Fig.  9 (a) , the concentration of the isotropic cluster in the supersonic molecular jet is larger than the concentration of the anisotropic cluster. The intensity of the peak ascribed to the anisotropic cluster can be diminished by increasing the ionization energy. The behavior of the benzene (C0 2 ) 2 cluster is thus very similar to the one reported above for the benzene (N 2 )Z cluster.
C. Benzene (CO)2 Four cluster geometries (one isotropic and three anisotropic) are calculated for the benzene (CO) 2 cluster with the binding energies -1284 cm-I and -1580, -1601, and -1697 cm-I , respectively. The 6~ spectrum of the benzene (CO) 2 cluster (Fig. 10) is different from the spectra of analogous clusters with N2
and CO 2 , The spectrum is relatively weak and exhibits four distinct features at -56, -61, -75, and -88 cm-I with respect to the benzene origin. The strongest feature at -56 cm -I probably corresponds to the isotropic calculated cluster geometry which is found to occur with the largest probability. 17 The other features may be assigned to the other three calculated anisotropic cluster geometries.
The broad background in the spectrum is likely due to dissociation of higher order clusters but cannot be entirely eliminated by lowering the ionization energy. This may indicate that some of the peaks in the spectrum are due to dissociation oflarger clusters instead of being inherently related to the benzene (CO) 2 clusters. Higher order clusters of benzene with CO are not, however, detected in these experiments. 
VI. LARGE CLUSTERS: TRANSITION ENERGY SHIFTS
Except for the benzene (C0 2 ) 3 cluster spectrum shown in Fig. 11 , spectra oflarge clusters are not detected in the og region. The benzene og transition is cluster symmetry induced and thus is not expected to be intense for low concentrations of specific clusters. One origin shifted by -9 cm -I is observed in the og spectrum of the benzene (C0 2 ) 3 cluster.
The 6~ spectra of benzene solvated by up to eight N2 molecules and seven CO 2 molecules are shown in Figs. 12 and 13, respectively. Progressive transition energy shifts toward lower energies with increasing cluster size are observed for the large clusters. One rather broad peak dominates the spectra ofN 2 clusters, whereas spectra of progressively larger CO 2 clusters are also generally broad but do show some structure on a broad background. The CO 2 cluster spectra are in addition somewhat obscured by a pronounced dip due to the saturation of the mass detector by ionized nonclustered benzene molecules. Plots of an average cluster transition energy shift as a function of cluster size are given in Fig. 14. A linear dependence of the energy shift on the cluster size is observed for n;..2. Addition of each solvent molecule thus causes a similar perturbation of the benzene transition once the first two solvent molecules are attached. For clusters with seven and eight nitrogen molecules, the change in transition energy shift seems to be slightly smaller, possibly due to a gradually weaker interaction of the solvent molecules with the aromatic 1T cloud of benzene as the cluster size increases.
The above results suggest that the cluster shifts are not entirely saturated by one solvent molecule on each side of the aromatic ring, as is found for benzene-alkane I and toluenealkane 2 clusters. Larger shifts still arise with addition of more than two molecules indicating that several solvent molecules may effectively interact with benzene. This is certainly the case for the solute-solvent systems studied here for which the sizes of linear solvent molecules are relatively small compared to benzene. The N2 clusters with benzene exhibit larger energy shifts than the corresponding clusters of CO 2 , even though the CO 2 molecule has a relatively larger polarizability. The increase of the energy shift with cluster size is also larger for benzene (N 2 ) n than for benzene (C0 2 )n' This is probably due to the smaller size of the N2 molecule and thus a better spatial packing of the nitrogen around the benzene and concomitant stronger interaction with the electric 1T cloud. Many solvent molecules effectively interact with benzene and contribute to the cluster transition energy shift in large clusters. Since only one rather broad feature is observed in the large cluster spectra, the spectral energy differences between various cluster configurations must be relatively small. Comparison of the spectra of benzene (N 2 )n clusters with the spectra of benzene (C0 2 )n clusters suggests that the N2 clusters exhibit fewer and more unique orientations than the CO 2 clusters; spectra of N2 clusters show one relatively narrow peak, while those of CO 2 are broader and have some structure on the main background. This difference may be due to the larger size of the CO 2 as compared to N 2 . Calculations of the possible large cluster geometries are presently being carried out in order to confirm this interpretation. Preliminary results l7 indicate that clusters with more than two solvent molecules exhibit a large number oflocal potential energy minima differing slightly in cluster binding energy. The number of local minima increases with the cluster size.
If large clusters are to serve as potential models of con-densed phase systems, gas to cluster energy shifts must be explored and compared with those of condensed phase solutions. The largest energy shift observed in our experiments for benzene (N 2 ) n clusters is approximately -42 cm -1 for a cluster with eight N2 molecules. A shift of about -50 cm -1 is measured 18 for benzene dissolved in supercritical nitrogen fluid (in the gas phase) at a fluid density of -220 kg m -3 (at T = 295 K and P = -300 bar), This shift increases with increasing fluid density (pressure) due to forced crowding of the solvent around the solute so that more molecules effectively interact with benzene. In the liquid phase and high density fluid phase the energy shift increases up to -180 cm -1 due to the additional interaction of nitrogen molecules forced to crowd about the benzene molecule at its periphery. Based on the comparison of benzene (N 2 ) n cluster shifts with the supercritical nitrogen fluid results, one concludes that in the low density condensed phase "solvation" of benzene takes place mostly about the 'IT system and not at the more repulsive C-H periphery positions. This latter type of solvation must be forced, however, in high density fluids and the liquid state.
VII. NUCLEATION
The nucleation process for small vdW clusters can be largely understood only if various spectral features can be ascribed to specific cluster geometries. Two basic types of nucleation can be distinguished: homogeneous nucleation, in which solvent molecules are added to the solute molecule or cluster one molecule at a time, and inhomogeneous nucleation in which more than one solvent molecule is added to the solute or cluster at a given time. Relative intensity data for clusters of benzene and toluene with hydrocarbon solvents has led to the conclusion that solvent molecules exist in the supersonic expansion in the form of dimers or larger aggregates and that isotropic benzene (solvent) 2 clusters are homogeneously nucleated and anisotropic clusters are inhomogeneously nucleated.
I •
2 Whether homogeneous nucleation (isotropic clusters) or inhomogeneous nucleation (anisotropic clusters) arises depends on the relative size of the solvent dimer binding energy (Ed) with respect to the solute-solvent (cluster) binding energy (Ee) in the cluster. The smaller the binding energy of a solvent dimer compared to the binding energy of the cluster, the higher the concentration of isotropic clusters. Inhomogeneous nucleation is found to predominate for small clusters of benzene and toluene with two hydrocarbon solvent molecules because Ed lEe is relatively large (0.3-0.8 depending on the solvent) .
The binding energies of N2 and CO 2 dimers are, however, quite small: -150 and -442 cm-1 , respectively. As shown in Table V the EdlEe value for the benzene (N 2 )zand benzene (C0 2 h clusters is only 0.16 and 0.23, respectively. This clearly favors homogeneous nucleation and formation of isotropic clusters, since solvent dimers can easily be dissociated with very little excess energy. Our spectra confirm this implication because in all cases studied the peak ascribed to isotropic benzene (solvent)2 clusters is much more intense than the peak due to anisotropic clusters. This effect is especially strong in the case ofN 2 clusters for which Ed lEe is small.
Clusters larger than benzene (solventh are most likely formed by inhomogeneous nucleation. First, larger solvent clusters have larger binding energy. High solvent aggregate binding energy favors inhomogeneous nucleation. Comparison of the calculated solvent dimer and trimer binding energies given in Table V shows an almost threefold increase of the solvent aggregate binding energy (Ea) for the trimer with respect to the dimer. At the same time only a twofold increase of the cluster binding energy takes place for the benzene (solvent}z cluster compared to the benzene (solvent) 1 cluster which results in an increase of the EalEe ratio with the increase of cluster size. This strongly favors inhomogeneous nucleation for large benzene (solvent) n clusters. Second, as the cluster grows in size the number of bonds over which to distribute the binding energy of the collision partner increases greatly, and thus the ability of the cluster to dissipate the added binding energy increases. • Obtained from the minimum potential energy calculations. bThis value depends on the ionization energy (see also Fig. 8 ). 
VIII. CONCLUSIONS
Two-color time-of-flight mass spectroscopy has been employed to study small and large clusters of benzene with nitrogen, carbon monoxide, and carbon dioxide created in a supersonic molecular jet. Potential energy calculations, normal coordinate and internal rotational analyses have been employed for the assignment of the og and 6~ spectra of the benzene (solventh clusters. Geometries of small clusters (n = 1,2) have been computer calculated and assigned to experimental spectra. Transition energy shifts for both small and large clusters with up to eight solvent molecules are investigated for the first time as a function of cluster size. The following major conclusion emerge from this study:
( 1) The calculated cluster binding energies scale well with the solvent polarizabilities; the larger the polarizability the higher the binding energy.
(2) The cluster spectral shifts depend on the solutesolvent geometry and interaction but are less dependent on solvent polarizability. The dependence of the energy shift on the cluster geometry is found to be less prominent than in our previous studies of benzene-alkane clusters. Both red and blue cluster energy shifts are observed and the additive energy shift rule for the isotropic benzene-solvent clusters does not apply in general for the clusters studied.
(3) Analysis of the rotational and vibrational motions within the benzene(solvent) 1 clusters makes possible the assignment of the rotational and vdW vibrational modes in the spectra. Both internal rotation modes of the solvent molecule rotating around the solute-solvent bond axis and vdW vibrations are active in the benzene (solvent) 1 cluster spectra and must be accounted for. All three solvent molecules studied rotate nearly freely around the benzene-solvent bond axis. The spectra are well assigned assuming no barrier to rotation in the ground state (free rotor) and a small -20 cm-1 barrier to rotation in the excited state (slightly hindered rotor). The solvent rotational axis for these linear diatomic and triatomic molecular solvents is oriented along the benzene-solvent bond and thus little or no barrier for the internal rotation exists.
(4) The benzene (solvent) 1 vdW vibrations observed are those involving bending motions parallel to the benzene molecular plane (b x and by ), a stretching motion along the solute-solvent bond (Sz) , and a torsional motion (t y ) ' The t z motion is not present because of the free rotation around thez axis.
(5) Differences pertaining to energy shifts, intensity distribution, and appearance of the rotational and vdW modes are found between the og and 6~ cluster spectra. These differences arise mostly from different selection rules; the origin is allowed at the 6~ transition but forbidden at the og. Consequently, relatively weak internal rotational mode structure is identified in the og spectra but is difficult to distinguish in the 6~ spectra which are dominated by a strong origin and associated vdW vibrations.
(6) Large vdW clusters of up to eight N2 molecules and seven CO 2 molecules solvating benzene are observed for the first time. One rather broad cluster feature dominates the spectra. A linear energy shift to the red with increasing cluster size is found. The cluster shifts are not saturated by one solvent molecule on each side of the aromatic ring as was found previously for small benzene-alkane clusters. This may be due to the relatively small size of the solvent molecules.
(7) Homogeneous nucleation is found to dominate the formation of small benzene (solvent) 2 clusters. This is due to a very small solvent dimer binding energy with respect to the cluster binding energy. In large clusters the ratio of the solvent aggregate binding energy to the cluster binding energy and the number of ways to share the binding energy between the cluster bonds increase considerably; hence, inhomogeneous nucleation may be favored in the formation of large clusters.
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